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A possibility to suppress the beam-beam interaction in a circular collider by means of introducing a
plasma at the interaction point of the colliding beams is considered. It is shown that for TeV proton and
muon colliders, the overdense plasma can easily suppress the beam-beam tune-shift parameter several

times without degrading the beam lifetimes.

PACS numbers: 29.27.Bd, 29.20~c

In this paper we study the possibility to overcome a
major obstacle in future colliders—Ilimitation of the lu-
minosity caused by the beam-beam interaction [1]. Elec-
tromagnetic interaction of the intense colliding beams can
result in strong perturbation of particle motion which, in
an extreme situation, makes the motion of the beam par-
ticles unstable. The conventional measure of the beam-
beam interaction is given by the so-called beam-beam tune-
shift parameter ¢ [2], which, for round beams, is equal
to £ = Nr./Ame,, where N is the number of particles in
the bunch, r, refers to the classical radius of the particles
comprising the beam (r. = 1.6 X 107'® cm for protons,
and r. = 1.4 X 107!% cm for muons), and e, is the nor-
malized emittance of the beam. For a given number of
particles in the bunch and its dimensions at the interaction
point, the luminosity is proportional to £. In the design
of modern coiliders, the parameter £ is usually set below
0.05 for electron machines and less then (.01 for hadron
colliders in order to avoid the diminishing of the dynamic
aperture, although operationally higher values of £ have
been achieved [3]. Thus the relatively small value of £
results in the limitation of the luminosity of the collider.

The general tendency in high-energy physics looks for a
dramatic increase in collider luminosity, which inevitably
pushes £ to higher values. It is therefore highly desirable
to find a means to ameliorate the long standing problem of
the beam-beam interaction.

In order to suppress the effect of beam-beam collisions
on particle dynamics, we propose to intercept the colliding
beams at the interaction region with a plasma. If the
plasma density is larger than the particle density of the
colliding bunches, the electric field of the beams will be
suppressed by repelling (in the case of negatively charged
bunches) or attracting (in the case of bunches of positive
charges) plasma electrons. However, the suppression of
electric field only is not sufficient; it eliminates electric
force of the incident beam, but, at the same time, it
releases the effect of the magnetic field of the beam,
which in vacuum is canceled by its own electric field
within a factor of y~2 (v is the relativistic factor). This
results in a so-called “self-focusing™ effect and has been
proposed as a means to strongly focus high energy beams
{plasma lens) [4].
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In the far overdense regime, however, both the elec-
tric and magnetic fields could be canceled. This regime
of the beam-plasma interaction has been invoked to sup-
press disruption and bremsstrahlung in the beam-beam in-
teraction in linear colliders [5,6]. The issue at stake in
that case is the extremely high plasma density required
and the associated concern on the induced detector back-
grounds. For the case of storage rings, as we will see
in what follows, the issues are different. The required
plasma density is much smaller. However, of primary
importance becomes the degradation of the beam lifetime
due to the collisions with plasma particles. This effect
practically eliminates a possibility of using our scheme in
electron-positron colliders but does not preclude plasma
at the interaction point of a heavier particle machine such
as muon and proton circular colliders. Suppression of the
beam-bearn interaction with a plasma, if successful, al-
lows one, in principle, to increase the number of particles
in the bunch and boost the luminosity of the collider.

In order to suppress the magnetic field, the beam should
generate a return current within the beam volume. To
calculate the magnetic and electric fields in the bunch
traveling through the plasma we will assume that the
beam density is much smaller than the plasma density and
neglect variation of the plasma density in space. In this
case, a general expression can be derived for the fields
generated by an arbitrary external current density jir, 1)
in a cold plasma [7]. We will consider first the magnetic
field B{r,1),

dmi kX jk,@) urvikr g3
2 = wls(w)/c? e d'kdw.
(1)
In Eq. (1), e(w) = 1 — w}/w? is the dielectric function
of the cold plasma, w, is the plasma frequency, w, =
4mwn,el/m, (n, is the plasma density and m, is the
electron mass), and j(k, w) is the Fourier transform of the
bunch current,

Bir,1) =

b _ 1 : iwr—ik-r 43

Jlk, w) ﬂ-—(zw)4f1(r,t)e d’rdt. )
For what follows, we will also need a wavelength &,
associated with the plasma frequency, &, = w,/c. For
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a round beam moving along the z axis, the beam current
has only one component, j = (0,0, j,}, where

J:(r, t) = NecA(z —~ ct)p(r), (3)

N is the number of particles in the bunch, A(z) is the
longitudinal, and p{r) are radial distribution functions
in the bunch normalized so that [~ A(£)d¢ = 1, and
27 f5 p(r)rdr = We assume a long-thin bunch,
o, » o,, where o, is the rms length of the bunch, and
o, is its rms radius. For Fourier components of the
current we have

Tk, w) = NecA(k)plk)d(w ~ k), (4)
= (kxs kyso) and kl = |kJ_|;

1 —ik,r
m f p(r}e k dzf‘,
Ty = ik,
M) = o [ e sag. 5)
Putting Eqgs. (4) and (5) into Eq. {1) and carrying out the

integration over the frequency w, we find for the azimuthal
component of the magnetic field B,

kyplko)A(k)
B, = —4miNe
i f k? — k2e(ck,)

where k |

plky) =

ik-rd3k ) (6)

A typical value of k; in Eq. (6) will be of the order of o !

As we will see from the result, the most interesting regime
from the point of view of suppression of the magnetic field
iswhen kpo, = 1. Since we assume thato; > o, k0,
will be much greater than unity, and the dielectric function
&(ck,) can be approximated by its low-frequency limit,
s(ck,) = 1 — ki/k} = —k%/k2. We can also neglect k;

in comparison with k|, kz = k1. As a result, Eq. (6)

becomes
. : kiplky)
B, = —4miNeA(z — cf) ki " ;z e*Td% . (7)
For a Gaussian beam, f(k,) = 27) Zexp(— kl02/4)

and Eq. (7) yields

kJ_ko_

B,(r,z,t) = 2NeA(z — cr)f Jrl(kj_r)

X exp(—k% a?/4). (B)

Paralleling the derivation of the expression (8), and
using the same approximations, one can find the following
equation for the electric field,

kp(h)/\(k)( kzk) ke g3
E = —4miNe | = + -5 )T dk,
f kJn+k2 2 K2 ¢

9

where % is the unit vector along the z axes. We will not
try to simplify further Eq. (9) and note only that, by the
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order of magnitude,

E, ~ (%)zaw, (10)

2

which means that, under the specified conditions, the
electric field generated by the beam is always small
compared to the magnetic one.

Because of the fact that our problem is linear in beam
density and current, the solution for two beams celliding
in the plasma ¢an be found by a mere superposition of
the above single-bunch solution. We can calculate the
tune shift & due to the beam-beam interaction noting that,
for small-amplitude oscillations, it is proportional to the
derivative of the interaction force at r = 0, which in our
case gives ¢ « [ [0By(r,z,1)/dr]l;=0dt and reduces

to
O f"’ $d¢
2 ] { 2 + k% (Jl"r2
where £; is the beam-beam interaction parameter in the
vacuum. Figure 1 shows the dependence of the ratio £/ £
on the product k, ;.

In our derivation above we neglected the effect of the
magnetic field on the plasma electrons. It turns out that
the magnetic ficld can be neglected if the number of
particles in the bunch is not very large, N < o, /r,, where
r. is the classical electron radius. Usually this condition
is well satisfied.

Introduction of the plasma in the interaction region
gives rise to parasitic collisions of the beam particles
with the plasma ions and electrons which cause a growth
of the beam emittance and particle losses. The plasma
parameters should be chosen so that these deleterious
effects would not overcome the beneficial contribution
to the suppression of the beam-beam interaction. Below
we consider several processes of beam-plasma interaction,
following Ref. [8]. Note that in Ref. [8], the cross
sections are given for electron beams only, we have
modified them to apply to species of arbitrary mass m.

Ty
E, ~ —B,,
T

exp(—¢%/4), D
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FIG. . Beam-beam interaction parameter as a function of
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(1) Emittance growth of the beam due to small-angle
elastic scattering on nuclei.—-The rate of the emittance
growth &, is given by the following formula:

_ 2mrlalZla,if

€n
where f is the revolution frequency, A; = lnS:lD /Ag) is
a logarithmic factor with Ap = (kT /47 n,e?)'/2 denoting
the Debye length in the plasma (T is the plasma temper-
ature), and Ag = 137r./y denoting the de Broglie wave-
length for the beam particles.

In addition to small-angle collisions, the beam particles
can be scattered on nuclei at relatively large angle.
Such cellisions excite betatron oscillations in the beam,
and if the induced amplitude of the oscillations exceeds
the vacuum chamber aperture, the particle gets lost.
However, for high-energy beams, this process is usually
negligible compared to other processes considered below.

(2) The bremsstrahlung on nuclei. —Bremsstrahlung on
nuclei of the plasma causes the energy losses of the beam
particle due to radiation in collisions with the nuclei. If
the relative energy loss § E/E exceeds the RF acceptance,
€rr, the particle gets lost. The cross section for this

process is
16 r2Z? ( 1 5)
7= 3 gy Mn g )
where Ay = In(2Ap/Ac) is a logarithmic factor with
Ac = 137r, denoting the Compton wavelength for the
beam particles.

(3) The elastic scattering on electrons.—In this
process, the incident particle collides with the plasma
electrons and transfers to them part of its energy. The
losses occur if the transfer is larger than egg. The cross
section for this process is

Aj, (12)

€

(13)

2mr,r,

YERF

Knowing the cross section for each process, we
can evaluate the lifetimes for the beam associated
with each loss channel, 7, and T3, using the formula
7 = {n,0;1f)”", where I is the length of the plasma
layer, and f is the repetition rate (revolution period) for
the collisions. For the emittance growth we define the
emittance growth time 7, = €,/&,, on which the initial
emittance would increase by a factor of . We will also
use the notation 7y for the design luminosity lifetime.

For the numerical example, which illustrates a possi-
bility of using plasma in the interaction region of a cir-
cular collider, we chose the plasma parameters such that
kpo, = 4; this guarantees about a sixfold decrease in the
parameter £. The corresponding plasma density is then
calculated using the nominal radius of the beam in the
interaction region. From the point of view of the beam-
plasma interaction, the most advantageous plasma species
would be hydrogen, so we set Z = 1. The length of the
plasma / is assumed to be equal to twice the length of

o3 (14)

the bunch, { = 2¢,, in order to ensure that the bunches
are overlapped with the plasma throughout the collision
event. The plasma temperature is assumed 2 eV. For the
RF exceptance, exF, the value of 0.001 was chosen.

Table 1 shows the relevant parameters of the beams,
plasma, and calculated lifetimes for ‘three colliders:
proton-proton cellider LHC [9], the u collider cur-
rently under study [10], and the Tevatron33 project
{11]. The required plasma density is in the range from
5 X 107 ¢cm™? for Tevatron33 to 6.2 X 10" ¢cm™3 for
the x collider. A possible approach to the generation of
plasma of such density, with a minimum impact on the
vacuum system of the collider, may use a technique based
On a supersonic gas jet, currently under development for
the plasma lens experiment at the Final Focus Test Beam
at SLAC [12]). We assume also that, by employing a
supersonic gas jet for the plasma production, plasma can
move transversely away from the beam line soon enough
before the next collision.

As is seen from the table, for the w collider, due to
the extremely short muon’s lifetime, the degradation of
the beam quality caused by the beam-plasma interaction
is negligible. For the LHC, the lifetimes are also larger
than the nominal luminosity lifetime ry. However, for
the Tevatron33, the lifetime becomes sufficiently below
the design luminosity lifetime,

We have shown that our idea of plasma suppression
of the beam-beam interaction appears applicable to some
future circular colliders. Earlier, an unsuccessful attempt
was made at Orsay [13] to suppress the beam tune
shift by colliding two pairs of e*e™ beams. It is

TABLE 1. Beam-plasma parameters and lifetimes.

Accelerator
Beam Parameters  u collider LHC Tevatron33
Particle species M p P
E (TeV) 2 7 1
¥ 19 x 10¢ 75 % 108 1 x 10°
o, (em) 0.3 15 40
o, {(pm) 2.7 s 30
f (Hz) 23 % 10¢ 1.1 X 10* 48 x i0?
N 2 x 1012 10" 2.7 x 10"
€, (m rad} 5107 3715 x107% 3x10°°
¢o 0.05 0.003 0.012
Plasma parameters
kyo, 4 4 4
£/&o 1/6 1/6 1/6
np (em™?) 62 X109 2% 108 5x 107
! (cm) 0.6 15 40
Beam lifetimes
7o (h) 1% 1078 10 3
7, (O 4.1 x 108 13 04
72 (h) 50 8 x10° 1.3 x10°
73 (h} 2.5 23 0.6
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generally believed that the inherent dipole and quadrupole
instabilities render such a system unstable [14]. The
situation is quite different in our case. First of all, the
initially neutral and uniform plasma does not have any
preset axis of symmetry. In the regime of the beam-
plasma interaction that we consider, the predominant
plasma response to the incoming beams is the return
current, while the charge neutralization (by the immobile
ion) is universally maintained. This means that the
return current is in principle not able to amplify any
beam imperfections, and therefore the system is inherently
stable with regard to multiturn instabilities as long as the
perturbed plasma is always removed from the interaction
region in time and the beam always confronts with a fresh
plasma in every collision. It is indeed true that given a
long interaction time, the ions, which are not infinitely
heavy, would also induce collective motion which in turn
would further induce plasma turbulence. However, the
time scale for the onset of the plasma turbulence is much
longer than the interaction time of colliding beams, and
one can safely ignore this potential complication. To
explicitly confirm these arguments, it should be desirable
to model the system in a computer simulation. This will
be further pursued by us.

In summary, we have shown that the introduction of a
plasma into the interaction region of TeV-range muon and
proton colliders can substantially suppress the beam-beam
interaction. This allows us to overcome the limit set by
the beam-beam tune-shift parameter and advance into the
region of higher luminosity. The proposed method looks
especially attractive for muon colliders, where the limited
lifetime of muons renders effects of the beam degradation
caused by the beam-plasma interaction negligible.

The authors are thankful to M. Zolotorev, who attracted
our attention to the advantages of using plasma in the
interaction region of a muon collider. This work was
supported by Department of Energy Contract No. DE-
AC03-76SF00515.
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